The mechanism driving accumulation of large numbers of apoptotic and necrotic neutrophils in inflamed lateral neck cysts (LNC), in the absence of infection, remains obscure. The cellular content of cysts obtained from 17 patients was co-cultured with human macrophages. Phagocytosis levels of cyst-derived neutrophils were determined and compared to the uptake of spontaneously apoptotic neutrophils. Simultaneously, the expression of cytokines in macrophages exposed to cyst contents was measured. In comparison to spontaneously apoptotic neutrophils, the phagocytosis of LNC-derived neutrophils by macrophages was inefficient. An inverse correlation between neutrophil content in LNC and their uptake was observed. Macrophages co-cultured with cyst contents responded with variable expression of IL-6, TNFa and IL-10. The hindered clearance of apoptotic neutrophils in LNC may lead to secondary necrosis of these cells and stimulation of the inflammatory reaction. Together with local production of anti-inflammatory cytokines, this may fuel chronic inflammation in the cysts.
Introduction
The etiology of lateral neck cysts (LNC) is still ambiguous [1] . Although a growing number of studies indicate that cysts develop from congenital remnants of bronchial arches [2] [3] [4] [5] , others suggest that LNCs originate from cystic transformation of cervical lymph nodes [6] . Regardless of the etiology, all LNC are morphologically epithelium-lined sacks filled up with watery fluid and mucoid or gelatinous material [3] . Symptomatic enlargement of LNCs, apparently the result of immunologic stimulation, occurs most often between the second and forth decades of life. To avoid future complications the first choice of treatment is surgical excision; however, some patients delay resection until the growing discomfort and/or pain forces them to seek surgical treatment. Interestingly, although LNC infection is assumed to be the main cause of LNC enlargement, the bacteriological examination of cyst content commonly yields negative results. Indeed, even in the presence of clear symptoms, such as local inflammation, 96.2% of cyst contents are sterile [7] . At this stage, large numbers of acute inflammatory cells [5] , including neutrophils and macrophages, are found in LNC content [8] .
In healthy tissues, apoptotic neutrophils are specifically and efficiently removed by bystander professional phagocytes, predominantly macrophages, and non-professional phagocytes [10] . This prevents disintegration of dying neutrophils and release of their tissue-damaging proinflammatory content. In infectious inflammatory sites, uptake of apoptotic neutrophils by macrophages changes the phenotype of these latter cells from pro-to antiinflammatory [11] . Thus, the release of inflammationquenching cytokines by macrophages, which engulf apoptotic neutrophils, contributes to resolution of the inflammatory reaction and healing process [11] . The accumulation of large numbers of apoptotic and necrotic neutrophils in LNCs [9] suggests that the process of recognition and clearance of dying cells is malfunctioning. It can be assumed that this will lead to eventual disintegration of neutrophils and release of their cytoplasmic content, which fuels inflammation in the local environment of LNCs. To verify this hypothesis, in this study we have compared the phagocytosis of LNC-derived neutrophils with peripheral blood-derived apoptotic neutrophils from healthy donors. In addition, the profile of cytokines produced by macrophages upon phagocytosis of LNC-derived neutrophils was determined.
Materials and methods

Lateral neck cyst fluid samples
This study, approved by the Regional Medical Chamber in Tarnow (permit number 4/0177/2001), was performed on sterile LNC fluid obtained from 17 patients diagnosed with branchial cysts and subjected to surgery in the Department of Otolaryngology at the Regional Hospital in Tarnow, Poland, from 2001 to 2003. No signs of ongoing, generalized or local inflammation was detected in surgically treated patients. Some patients, however, suffered from previous incidences of local inflammation of the cyst, which were treated with antibiotics. Specimens of cyst fluidic matter were taken aseptically during surgery for bacteriological examination and analysis of cellular content. Patients were monitored for more than 3 years. Recurrence of cysts was not observed in this period. This means that the cyst was removed radically and they were not connected with the pharyngeal mucosa.
PBMC isolation and macrophages culture
Peripheral blood mononuclear cells (PBMCs) were obtained from the blood of healthy donors using a lymphocyte separation medium (LSM; PAA, Germany) density gradient [12] . De-identified blood was obtained from the Red Cross (RC), Krakow, Poland, in compliance with confidentiality assurances of human subjects. Thus, the research protocol presented here adheres to the appropriate exclusions for human subjects' approval. PBMCs were seeded at a concentration of 3 9 10 6 cells per well in 24-well plates, and cultured in RPMI1640 medium (PAA, Germany) supplemented with 10% heat-inactivated autologous human plasma, 2 mM L-glutamine and 50 lg/mL gentamicin (Sigma, St Louis, MO, USA) in a humidified atmosphere of 5% CO 2 . After 24 h, non-adherent cells were removed and adherent monocytes were differentiated into macrophages for 7-10 days, with fresh medium changes every second day. hMDM phenotype was evaluated by flow cytometry analysis of detached cells immunofluorescently stained for CD14 (DakoCytomation, Glostrup, Denmark), CD16 (DakoCytomation, Glostrup, Denmark), CD11b (Becton-Dickinson, San Jose CA, USA) and CD209 (Becton-Dickinson, San Jose CA, USA). This routine procedure used in our laboratory yields at least 90% of cells positive for the first three antigens with less than 1% staining with anti-CD209 antibodies.
Polymorphonuclear cell isolation
Cells in peripheral blood were subjected to sedimentation in 1% polyvinyl alcohol solution (Merck, Darmstadt, Germany) for 20 min at room temperature. Neutrophils were collected from the upper layer of cells and lysed with distilled water for 20 s to remove contaminating erythrocytes. After isolation, neutrophils were cultured in RPMI1640 medium (PAA, Germany) supplemented with 5% FBS for 24 h. Such treatment induced spontaneous apoptosis of more than 90% neutrophils as evaluated by annexin V/PI staining via FACS [13] .
Phagocytosis of neutrophils-an elastase activity assay
The assay was performed as described in detail by Smagur et al. [13] . Briefly, a suspension of 1.5 9 10 6 apoptotic neutrophils in media containing 5% fetal bovine serum (FBS, PAA, Germany) was added to hMDMs at an hMDM:neutrophils ratio of 1:5 in a 24-well culture plate. Simultaneously, 100 lL of LNC fluid from ten patients was added to the hMDMs. Cells were incubated for 2 h at 37°C in a humidified atmosphere containing 5% CO 2 , and monolayers were washed vigorously with ice-cold PBS to remove unphagocytosed neutrophils. After washing, the macrophage monolayer was lysed with 0.1% cetyltrimethylammonium bromide for 15 min at 37°C, and 100 lL of lysates were transferred, in quadruplicate, to a 96-well plate, followed by the addition of 100 lL of an elastase substrate (N-methoxysuccinyl-Ala-Ala-Pro-Val-pnitroanilide) at a final concentration of 1 mM, in Tris-HCl buffer, pH 7.5. Elastase activity (V max of enzymatic reaction at 37°C), equivalent to the released p-nitroanilide, was recorded as an increase in absorbance at 405 nm for 30 min using a microplate reader (Molecular Devices, Sunnyvale, CA, USA). The percentage of engulfed neutrophils was calculated based on neutrophil elastase activity levels detected in cell lysates after phagocytosis. The activity in lysates of equivalent numbers of cells, directly treated with detergent, was taken as 100%.
Determination of mRNA expression for IL-6, IL-10 and TNF-a in macrophages Total RNA was isolated from hMDMs, after exposure to cyst samples, using the TRIZOL method (GibcoBRL, Grand Island, NY, USA) according to the manufacturer's instruction. Following precipitation, RNA was resuspended in RNase-free DEPC-treated water and treated with DNAse (Qiagen, Hilden, Germany) solution for 30 min. Following enzyme inactivation by heating for 5 min at 75°C, RNA concentration was determined by absorbance at a wavelength of 260 nm. cDNA was synthesized from total cellular RNA (5 lg) using 200 U SuperScript TM II reverse transcriptase (GibcoBRL, Grand Island, NY, USA) and 0.5 lg/ll oligo (dT) primers (GibcoBRL, Paisley, UK). After reverse transcription, enzyme activity was destroyed by heating and the cDNA stored at -20°C until ready for use in real-time PCR. The expression of cytokines was determined using specific primers (see Table 1 ). Concomitantly, amplification of the control gene b-actin (Genset Oligos, Paris, France) was performed on the same samples to verify RNA integrity. Each PCR-product (15 lL) was electrophoresed on a 2% agarose gel stained with ethidium bromide and then visualized with UV light. The correct size of predicted PCR products was confirmed using a 100-bp ladder (Gibco BRL/Life Technologies, Eggenstein, Germany) as a standard marker.
Results
The contents of lateral neck cysts was aspirated using a thin needle and subjected to macroscopic examination. With the exception of specimen no. 8, where the cyst matter was watery, clear and colorless, the LNC fluid was pale-brown or yellow-orange colored, dense and viscous. Next, the specimens were plated for bacteriological examination; however, no bacterial growth was detected, indicating that the collected cyst fluid was sterile (data not shown).
Based on previous findings [9] that LNC content is rich in apoptotic neutrophils, we designed experiments to test the susceptibility of these cells to engulfment by human macrophages. To this end, we first determined neutrophil elastase activity in all samples as a measure of neutrophil content; with significant activity found in 10 out of 17 samples. Next, using apoptotic neutrophils as a standard, we estimated that the cell content of our ten positive samples was in the range of 0.21 9 10 6 -5.62 9 10 6 per mL of analyzed fluid (Table 2 ). To determine the phagocytosis of neutrophils in these ten samples by macrophages, the cellular content of cyst fluids were cocultured with hMDMs, and the level of phagocytosis estimated as described above. In vitro prepared, spontaneously apoptotic neutrophils were taken up by hMDMs far more efficiently than the neutrophils present in LNC fluid. Interestingly, an inverse correlation between neutrophil content in LNC fluid samples was observed, since the uptake of neutrophils from samples with high content of these cells [sample 10, 11, 12, and 15, neutrophils content [2 9 10 6 per mL (Table 2 )] was at very low levels (below 3%). In contrast, more than 10% of apoptotic neutrophils were phagocytosed by macrophages from four out of the six samples with a neutrophil content ranging from 0.21 9 10 6 to 0.86 9 10 6 per mL (Fig. 1) . Regardless of these differences, it is clear that phagocytosis of neutrophils from cysts is very inefficient by comparison to clearance of apoptotic cells. The phagocytosis of apoptotic cells is crucial for maintaining homeostasis in tissues, and has a strong effect on the immunological system. Upon uptake of apoptotic cells, macrophages are directed toward anti-inflammatory responses manifested by changes in the profile of produced cytokines [11] . Therefore, we have investigated the effect of macrophage exposure to LNC cellular content on the expression of pro-(IL-6 and TNF-a) and anti-inflamatory (IL-10) cytokines. As a control, bacterial endotoxin (LPS from E. coli) was used as a factor to strongly stimulate a proinflammatory response (Fig. 2) . In comparison to LPS, macrophage response to cyst contents was weaker, especially for IL-6 and TNF-a transcription. Also, there was a clear difference in response of hMDMs to stimulation with individual samples; for example, the IL-6 transcript was detected in all cases, but at different levels. The highest accumulation of IL-6 mRNA was observed in seven samples (1, 3, 4, 5, 7, 11 and 12) (Fig. 2a) , while in contrast the expression of TNF-a was detected in macrophages treated with only six samples (3, 4, 5, 6, 13 and 16) (Fig. 2b) . Finally, mRNA for IL-10 was detected in macrophages exposed to 12 out of 17 tested LNC specimens. Interestingly, for five of these samples (3, 4, 5, 6 and 17), the response was at a level equivalent to that induced by LPS (Fig. 2c) . No correlation could be found between neutrophil content and their susceptibility to engulfment by macrophages, and cytokine response. The results presented reveal that only the fluid from individual cysts can induce variable expression of IL-6, TNF-a and IL-10 in macrophages, which may bias the immune response in LNCs toward development and maintenance of a chronic inflammatory reaction.
Discussion
Little is known about the role of inflammatory cells in the pathology of LNCs. To bridge this gap, we describe here a possible new mechanism contributing to chronic inflammatory reactions through the dysfunction of apoptotic cell clearance in such cysts. We have shown that neutrophils extracted from cysts were engulfed by macrophages significantly less efficiently than apoptotic neutrophils. Reproducibly, about 30% of spontaneously apoptotic PMNs co-cultured with macrophages were phagocytosed. This number is in stark contrast to the uptake of cystderived neutrophils, which was in the range of 2-14.3%. This finding may explain the high numbers of apoptotic and necrotic cells in the LNC content reported previously [9] . The hindered local clearance of neutrophils in cysts is most likely due to both disabling of ''eat-me'' signals on the surface of apoptotic neutrophils, and proteolytic inactivation of receptors recognizing ''eat-me'' signals on phagocytic cells by neutrophil elastase. Such a mechanism Activity was determined with a chromogenic substrate (MeO-SucAla-Ala-Pro-Val-pNA) specific for neutrophil elastase (NE). One hundred microliters of cyst contents (1-17) was solubilized with a cetyltrimethylammonium bromide-containing buffer and the NE activity was determined as a time-dependent increase of absorbance at 405 nm. Results are represented in mOD/min. In parallel, the elastase activity in known numbers of spontaneously apoptotic neutrophils was determined and used to convert mOD/min into neutrophils concentration (cells/mL) in LNC content N.d. the lack of elastase activity does not exclude the absence of PMNs LNC content may contain blood-derived protease inhibitors which may quench NE activity Fig. 1 A comparison of efficiency of phagocytosis of spontaneously apoptotic neutrophils and neutrophils derived from LNC content by human primary macrophages of disturbed clearance of apoptotic neutrophils has previously been described for cystic fibrosis [14] . Significantly, this mechanism potentially explains the inverse correlation between the number of neutrophils in cyst content, measured by the elastase activity, and the efficiency of neutrophil uptake by macrophages, described in this report. The phagocytosis of apoptotic cells by macrophages plays a very important role in regulation of the immune system [15] . Firstly, it prevents leakage of pro-inflammatory factors from dying cells and, secondly, this process can induce an antiinflammatory phenotype in macrophages, manifested by a qualitative change in cytokine production. Here, we have shown that LNC content induces a strong, but mixed pro-and then anti-inflammatory response, manifested by IL-6, TNF-a and IL-10 production. Taking into account the sterile character of LNC content, this response is most likely driven by endogenous factors, such as enzymes and peptides released from dying cells. In contrast to anti-inflammatory IL-10, proinflammatory TNF-a was induced much less frequently (by 12 vs. 5 samples out of the 17 tested). Such a pattern of expression of these two cytokines, together with the prevalent production of IL-6 by macrophages exposed to LNC content, may have important pathological consequences. Acting synergistically with IL-1b and TNF-a, IL-6 can contribute to acute inflammation, while at the same time prolonged activity of this cytokine can silence an inflammatory reaction [16] . In this context, the biological activities of TNF-a and IL-6 are antagonistic: instead of helping to resolve inflammation they may contribute to maintaining an inflammatory reaction. This tendency can be further strengthened by anti-inflammatory IL-10, which inhibits IFN-c, IL-1b and TNF-a production and antigen presentation [17] . Therefore, macrophage response to LNC content has the potential to establish a chronic inflammatory state in cysts.
Conclusion
Taken together, based on our findings, we hypothesize that the hindered clearance of apoptotic neutrophils in LNC matter leads to secondary necrosis of these cells, and stimulation of the inflammatory reaction. Simultaneously, the local production of significant levels of anti-inflammatory cytokines by stimulated macrophages prevents the resolution of the inflammatory state. This leads to selfpropelled chronic inflammation in the cysts, which can only be resolved by surgery. 
